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T cells may encounter glutamate, the major e 
glutamate-rich peripheral organs. Moreover, glutamate levels it 
exert either beneficial or detrimental effects. We discovered that i: 
anti-myelin basic protein T cells express high levels of glutamate ii 



in the nervous system, when patrolling the brain and in 
the CNS in many pathological conditions in which T cells 
al human T cells, human T leukemia cells, and mouse 
•hannel receptor (ionotropic) of a-amino-3-hydrc 



methyl-4-isoxazolepropionic acid (AM PA) subtype 3 (GluR3). The evidence for GluR3 on T cells includes GluR3-specific RT-PCR, 
Western blot, immunocytochemical staining and flow cytometry. Sequencing showed that the T cell-expressed GluR3 is identical 
with the brain GluR3. Glutamate (10 n.Vl), in the absence of any additional molecule, triggered I cell function: integrin-mediated 
T cell adhesion to laminin and fibronectin, a function normally performed by activated T cells only. The effect of glutamate was 
mimicked by AMPA receptor-agonists and blocked specifically by the selective receptor-antagonists 6-cyano-7-nitroquinoxaline- 
2,3-dione (CNQX) and 6-nitro-7-sulfamoyIbenzo[/]quinoxalin-2,3-dioiie (NBQX), and by relevant anti-integrin niAbs. Glutamate 
also increased the CXCR4-mediated T cell chemotactic migration toward the key chemokine CXCL12/stromal cell-derived fac- 
tor-1. GluR3 expression on normal, cancer and autoimmune-associated T cells and the ability of glutamate to directly activate T 
cell function could be of substantial scientific and clinical importance to normal neuroimmune dialogues and to CNS diseases and 
injury, and especially to: 1) T cell transmigration to the CNS and patrolling in the brain, 2) T cell-mediated multiple sclerosis, and 
3) autoimmune epilepsy, as neurotoxic anti-GluR3 Abs are found and suspected to cause/potentiate seizures and neuropathology 
in several types of human epilepsies. Thus far, GluR3 was found only on neurons and glia cells; our results reveal a novel 
peripheral source of this antigenic receptor. The Journal of Immunology, 2003, 170: 4362-4372. 



Under physiological conditions, T cells frequently patrol 
the CNS. T cells are also present in the CNS in various 
brain pathologies where they either cause/augment the 
pathology (e.g., T cell-mediated encephalomyelitis as in multiple 
sclerosis (MS) 4 ) (1,2) and in infection by Theiler virus (3) or com- 
bat it (e.g., T cell-mediated clearance from the brain of enccpha- 
lomyelitis-inducing viruses or T cell-dependent neuroprotection 
after neuronal injury) (4 6). The factors responsible for regulating 
T cell activities within the brain and for allowing a direct cross-talk 
between T cells and resident neurons and glia cells (7) are still 
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unknown, and their identification may have important physiolog- 
ical and clinical implications. 

In recent years, we found that several neurotransmitters and neu- 
ropeptides, among them dopamine, gonadotrophm-releasmg hor- 
mone (GnRH) I and 11, somatostatin, substance P, calcitonin-gene- 
related peptide, and neuropeptide Y can by themselves, in 
physiological concentrations, interact directly with their cognate 
receptors expressed on the T cell surface and trigger T cell func- 
tions, among them cytokine secretion, integrin-mediated adhesion 
to extrdcellu'ar i.x (ECM) i motactic migra- 

tion and gene expression (8 12). Can this be also the case for 
i. -glutamate. the major excitatory neurotransmitter in the nervous 
system, mediating most of the excitatory transactions between 
CNS neurons? T cells can be expected to encounter glutamate 
when routinely m-pecting the brain, as well as in various gluta- 
mate-rich peripheral organs such as the liver, kidney, lung, muscle, 
and blood. In addition, there is a kaleidoscope of pathologic.il con 
ditions that display a neuroinfiammatory component and in which 
glutamate levels increase substantially, causing neuronal death by 
a mechanism called excitotoxicity (13). These pathological condi- 
tions, in which T ceils could possibly encounter glutamate, include 
traumatic brain injury, acute brain anoxia/ischemia (i.e., stroke), 
epilepsy, glaucoma, meningitis, brain neurodegencration associ- 
ated with different chronic diseases such as AlDS-associated de- 
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ease (reviewed in Ref. 14). 

Glutamate has two broad families of receptors: the ionotropic 
receptors that are glutamate-gated ion channels; and the metabo- 
tropic receptors coupled to G proteins. The ionotropic receptors are 
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divided into three subfamilies named after the glutamatergic ago- 
nist that causes their specific activation: a-amino-3-hydroxy-5- 
mcthyl-4-isoxazolepropionic acid (AMP A), kainate (KA), and N- 
i il 1 parta ^MUA) In cacl 11 lam ii i 
several subtypes identified by a number. There is currently no di- 
rect evidence for the presence of specific ionotropic or metabo- 
tropie receptors for glutamate on normal human T cells, despite 
reports (in several types of glutamate receptors and/or transporters 
on a variety of other peripheral cells and tissues (15). Likewise, 
ilutani itt b it-. I r i to acti ! I 1 i 

In this study, we asked two questions: do T cells express iono- 
tropic-receptor of the AMPA subtype 3 (GluR3); and can gluta- 
mate by itself trigger T cell function? 

As to the first question, we focused specifically on GluR3 be- 
cause it is not only a main synaptic receptor for glutamate but also 
is the source of autoantigen against which, in some human epilep- 
sies, the immune system raises deleterious autoantibodies. These 
anti-GluR3 autoantibodies arc suspected to play a role in epilepsy 
on the following basis: 1) some GluR3-immunized rabbits devel- 
oped seizures (16); 2) some anti-GluR3 Abs, alike deleterious ex- 
cess glutamate, can uveractivate neurons (17), kill neurons and glia 
cells (18-20), and cause brain pathology (16, 21); 3) in humans, 
the presence of anti-Gli i ui i->soc ited with 

seizure frequency in particular types of epilepsy (22). Until now, 
the GluR3 autoantigenic receptor was shown to be expressed only 
in the nervous system, i.e., on neurons and glia cells. 

We found, for the first time, that T cells from normal human 
individuals, an alloprimed human T cell clone, a human T leuke- 
mia line (Jurk at' 1 mou tnli-rri i i has protein (MBP) T 
cell line express high levels of GluR3, identical in sequence with 
brain GluR3. We further found that glutamate by itself (in the 
absence of additional stimulatory molecules) and by direct inter- 
action with its AMPA receptors triggers a key T cell function, the 
integrin-mediated adhesion to laminin and fibronectin (FN). Nor- 
mally, T cells adhere to these major ECM glycoproteins only when 
the cells are activated. Glutamate by itself also markedly up-reg- 
ulated the chemotactic migration of T cells toward the stromal 
cell-derived-factor- la chemokine (SDF-la), also termed CXC 
chemokine ligand-12 (CXCL12). This important chemokine is 
constitutively expressed both in the periphery and in the nervous 
system and plays a key role in numerous immune and neuronal 
functions. 

Materials and Methods 

Materials 

L-Glutamate, KA, and PMA were from Sigma- Ald.ich (St. Louis, MO); 
AMPA, 6-cyano-7-nitroquino\ line : 3 <li. ne iCNQX), 6-nitro-7-sulfa- 
moylbenzo[/]qumoxalm-2,3-dione (NBQX), tctrodotoxin (TTX), and pic- 
ro toxin (Picl \l \ ere I'roi i lo< ri < loksou (Bristol I K. ), total human 
brain RNA was from Clontcch Laboratories (Palo Alto, CA); and GluR3B 
and GluR3A peptides were synthesized at the Weizmann Institute of 
Science. 

Sources of Abs and sera were: rabbit polyclonal anti-GluR2/3 C -termi - 
nal intracellular peptide (Chcmic.ni International): mouse anti-67kDa lami- 
nin receptor (LR) mAb (LR Ab-1, clone MluC5; NeoMarkers, Fremont, 
CA); mouse anti-human CD29, VLA-5, and VLA-6 mAbs (Serotec, 
Oxford, U.K.); FIlC-co uui d ant i it anti-rabbit and anti-mouse 

conjugated mouse anti-human TCRorjS mAb (Serotec and BO PharMingen, 
San Diego, CA); PE-conjugated hamster anti-mouse TCRa/3 mAb 
(BD PharMingen); mouse anti-human CXCR4 mAb (R&D Systems, 
Minneapolis, MM); nomial rabbit, mouse, and goal serum (Jackson 
liimiunuRescareh ! aboratorics). 

Human T ceils 

Virtual peripheral human i cells were purified from the Iresli peripheral 
1 i il I I 1 I I i ult n cc I pi p 



uialion consisted of -"9>- I ceV, as evaluated by TCR slainin;e and How 
cytometry, using a FACS. 

Human T cell clone 

I he CD4 ail >pi I nth i elm i l> piu idc R. 
Wank, Ludwig-Maximilians-Universily (Munich, Germany), and main- 
tained in culture as described (23). 

Mouse anti-MBP s7 __ 99 T cell line 

The anti-MBP S7 _„ Th cell line, derived from lymph nodes of female SJL/J 
mice, was established, propagated in culture, and tested for its specificity 
as previously described (11). 

RT-PCR and DNA sequencing 

Total RjNA from T cells was prepared according to Tri Reagent (Molecular 
Research Center. Cincinnati, OH) protocol First-strand cDNA was syn- 
thesized from 4 fig of total RNA in a final in 1 , i I' 40 yd. b 
using the Reverse Transcription System (Promcga, Madison, WI). PGR 
i ci a li cl 1 m il ( I i iii t i n i di 41 It rig UNA 
for all the T cell types or 50 ng for total brain cDNA for GluR3 amplifi- 
cation. 5 pi of 10X Optibuilcr iBiolme, Loudon, U.K..), 3 ul of 50 m.M 
xMgCl 2 , 2.5 fil of 10 mM dNTP mix (Promega), 4 U of Bio-X-act DNA 
niLi inc(U i 1 h (dul n i i ( pmol/jd) or 2.5 

/i\ of the S 14 primers (0.67 pmol/jud). For S!4 amplification, 50 ng cDNA 

I he sequence of the primers (5 '-3') and the leugths of the product were 
as follows: GluR3 primer pair i, upstream primer (GluR3 E4), 
CGATACTTGA IT GAC I (l('(i A; downstream primer (GtuR3 B9), TAC 
TATGGTCCGATTCTCTG, 632 bp; GluR3 primer pair 2, upstream 
primer (GluR3 K3). GACGCAG VI 'G I (iCAU I T I GTCATO: downstream 
primer (GluR3 E6), TAGTGGTGCATTCTTGGCTTCAGG, 516bp. S14: 
upstream primer, GTCCATG 'I'C'ACTGA TCTI TCTGGC; downstream 
primer, GTTTGATGTGTAGGGCGGTGATAC, 166 bp. 

Conditions for PGR were 94°C for 1 min, 60°C for 40 s, and 72°C for 
40 s (29 cycles for S14 PGR and 38 cycles for GluR3 PCR). The cDNA 
sequencing was petfeumed with an automated sequence! at the sequencing 
unit of the Weizmann Institute of Science to confirm the identity of the 
PCR products. 

Production and purification of anti-GluR3B Abs 

Lewis rats were injected in both hind footpads with 100 pj (50 ptl/foot) 
emulsion of mineral oil containing 200 /xg of the GluR3B peptide 
INEYERFVI I SI « iQl! b I >S' SI b R aa 572- 395) and 200 ,rg of My- 
cobcterhtm tuberculosis (CPA; Difco, Detroit, Ml). After 4-6 wk, the rats 
received a L lei n u uf H I US. Rats hill 

nized with GIuRSA' peptide (NNENPMVQQF1QRWVRLDF.REF 
PEAKNAP, aa 245 -274; data not shown) or with PBS alone served as 
cnnirols. Hie lei. from the immune and normal rat sera was purified on 
protein G columns using y-Bind Plus Sepharose (Phannacia, Knowhill, 
k ! i i nufacturer's p 1 

Fluorescence imimmovytochemical analysis 

Normal peripheral human T cells were pelleted (1500 x g, 10 min, 4°C), 
suspended in 4 i dc 1 1 1 0 6 cells ml, 10 mm 22 C) 

ccntrifuged (10 min, 1500 X g), resuspended (1 X SO 6 cells/ml 80% eth- 
anol), and pipeled . i It eel Uiu t ned i a - didt- I lie cells were then 
dried (2 h, 4°C), washed (5 min. three times with PBS), permeabilized (3 
min with 0.5% Triton X-100), and incubated in a blocking medium (10% 
normal goat serum, 2% BSA, 1% glycine, 0.5% l'riton X-100). The cells 
were then exposed to the rat polyclonal anti-GluR3B IgG Ab or to nonnal 
rat IgG for control (3.4 mg/ml, 12 h, 4°C) or to a rabbit polyclonal anti- 
GluR2/3 Ab or normal rabbit serum tor control (2 ,,g/ml. 12 h, 4X). After 
incubation the c^, I i It I n 111 

i r ten A is 1 i f 1 _ i i s ul by 

fluorescence microscopy using a green filter. 

Immunofluorescence slaininy and 'low cytometry analysis for 
GluR3 

Normal peripheral human I cells (isolated from fresh human blood sam- 
ples), T leukemia line (Jurkat) and a mouse T cell line alloreactive to 
MBP 87 _ 99 were subjected to double immunofluorescence staining, using 
our nevvh produc i nal unl.i-G:uR3B IgG ^h (25 /tg ml 1 X 

10 6 cells/100-juJ tube; 30 min on ice), or nonnal rat IgG for control. The 
cells were then stained with FIT C-conjugated goat anti-rat IgG ( I lit) p.! of 
1 TOO dilution) and PE-conjugated mouse anti-human (for the normal and 
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Jurkat human 1 cells) or hamster anti-mouse (for the mouse anti-MBP 
87- 99 T cells) anti- TCRap mAb (2 ptl of stock). Cells stained with the 
second and third Ahs only served -is additional negative controls. Fluores- 
cence piofilo vveie ieeotded in a FACS. 

Immunofluorescence staining and flow cytometry for CXCR4 

Norma! human 'I cells iseiated from lre-.li PHI. were siibieclcd to double- 
immunofluuresceuce stainine, using a niuus, eaonucional anti-CXCR4 IgO 
Ab (10 jig/ml/1 X 10 6 cells/100-/xl tube; 30 min on ice) or normal mouse 
serum for control. The cells were then stained with an FTTC-conjugated 
goat ant -mouse IgCi (100 uJ of 1 100 dilution) and PE-conjugated mouse 
anti-human TCRa/J mAb (20 jul of stock). Ceils stained with the second 
and third Abs only served as additional negative controls. Fluorescence 
profiles were recorded in a FACS. 

T cell extraction and immunoblotting 

T cells from healthy donors, a mouse (SJL/J) anti-MPB 87 .„ 99 line, or a 
human cortical neuronal cell line (HON) (24) were suspended in PBS, 
washed by centrifugauon (twice at 4000 rpm for 1 min). nssuspended in 
buffer A (25) (composed of: 50 mM /j-elvceropl , il fpll ). 1 uM 
EGTA, 1.0 mM EDTA, 1.0 mM DTI", and 0.1 niM deacrated sodium), 
centrifuged again, resuspended in butlei H !5) (co osed o 'I M 
^-glycerophosphate (pH 7.3), 1.5 mM EGTA, 1 mM EDTA, 1 mM DTT, 
0.1 mM sodium vanadate, 1 mM benzamidine, 10 fig/ml aprotinin, 10 
/ig/ml leupeptin, and 2 ixg/ml pepstatin-A), and then disrupted on ice by 
sonication (three times for 7 s each with 20-s rest intervals). Cell homog- 
enates were centn I 1:5 ii 1 - H / , i i . t I the -upernatants were 
collected, subjected to protein determination, resolved by polyacrylamide 
eel electrophoresis K« SDS-P GH). and transferred to a nitrocellulose 
membrane After transfer blots were bio 1 1 PI isO.O Uvect i 
5% milk), washed lensi l tli / nil) i unst 

01uR3 (either the rat anli-( aluRe li IpG or the polyclonal anti-GIuR3/2 Ab; 
Chcmicon). After extensive washing, blots were incubated with an appro- 
priate anti-rat or anti-rabbit HRP-conjugated secondary Ab. The targeted 
proteins were visualized by ECL. 

T cell adhesion to FN and laminin 

Microtiter plates were covered with either FN (1 /ng/ml; Sigma) or laminin 
(I /xg/ml; ICN Biomedicals, Aurora, OH), and (he adhesion of normal 

ing hun I cells that eithei tied unti ncuhated wit 

glutamate, AMPA, K.A, or PMA (positive control) was assayed as de- 
scribed (11). 

Block ing glutamate/ AMPA-induced T cell adhesion to laminin 
by specific antagonists 

Purified ii humat 1 s ei 1 i U ediuiii (RPM 

1640 supplemented with 0.1% BSA) and pretreatcd with CNQX or NBQX 
(0.1 iM), Ihe elut te * I * recei (agonists, or vvith (he nonrel- 

evant ion channel blockers TTX (1 jxM) or PicTX (10 ^M). After 5 min, 
the cells were exposed (30 min, 37°C, 7.5% CO, humidified incubator) to 
glutamate or AMPA (10 nM). The cells were then seeded in the laininin- 
coated microtiter plates, and the adhesion was monitored as described (11). 

Involvement of specific integrins in glutamate-induced T cell 

freshly purified human I cells were treated (30 min, 37°C) with mAbs 
: 1 5 -25 itg/ml) specific to the human integrins (CD29, and c* s , a 6 chains of 
the VLA integrins) or with anti-67-kDa noniiileenu LI! mAb (1/50 dilu- 
tion). The T cells were then treated with glutamate (10 nM) and incubated 
(30 min, 37°C, 7.5% CO, humidified incubator). The treated cells were 
seeded in laminin-coated microtiter plates and returned to the incubator for 
an additional incubation (30 min), and the adhesion was monitored as 
described (11). 

In vitro chemotactic migration assay 

Normal human '!" cells were pretreated with glutamate or AMPA. (10 nM, 
IS ii, 3T-C. 7 j% CO, humidified incubator), and then chemotactic mi- 
gration toward CXCI 12 sDh 1 t 1 »5(1 I letermined t 
(fixed counting time, 2.0 min/sample) as described (12, 26). 

In eaeb experiment, the counting ul'lhs experimented s„mples by FACS 
(12, 26) started only after iniiial verification that once set for 2 min count- 
ing, the FACS analyses equal volumes of medium sucked from a series of 
control samples. 



Statistical analysis 

Statistical significance was analyzed by Student's t test. 

Results 

Human peripheral T cells, T leukemia cell line, and a T cell 
clone express the mRNA encoding (he ionotropie glutamate 
receptor GluR3 

To investigate the possible expression of GluR3 in T cells, we 
amplified cDNA from human peripheral T cells purified from fresh 
blood samples, an alloprimed human T cell clone (23), the Jurkat 
human leukemia T ceil line, and lolal human brain (for positive 
control) by quantitative RT-PCR, using two sets of specific prim- 
ers for GluR3. Parallel RT-PCR for the ribosomal protein S14 was 
conducted for normalization. Fig. I A shows that all types of T cells 
tested express the specific GluR3 mRNA. The GluR3 RT-PCR 
amplification products in T cells are of the expected molecular 
mass for each set of primers respectively (E4-E9, 632 bp and 
E3-E6 516 bp), and identical with the RT-PCR GluR3 products of 
human brain (the possibility that the GluR3 PCR products were 
amplified from contaminating genomic DNA rather than from 
cDNA was excluded because amplification of the genomic GluR3 
DNA, spanning the introns, would result in much larger PCR prod- 
ucts). All types of T cells also harbored, as expected, the control 
S14 transcript (Fig. \A, bottom). 

To further confirm the GluR3 mRNA expression, we isolated 
the GluR3 cDNA fragments and subjected them to sequence anal- 
ysis. The T cell RT-PCR amplification products using the two sets 
of GluR3-specific primers had sequences identical with that en- 
coding the brain GluR3 protein (Fig. IS). 

Production of specific anti-GluR3 Abs 

To examine the expression of GluR3 at the protein level, we pro- 
duced specific Abs to the GluR3B peptide (aa 372-395) derived 
from the extracellular domain of the receptor. This peptide is an 
autoantigen for anti-GluR3 Abs, found in some epileptic patients 
(17, 18, 27). To obtain specific anti-GluR3 Abs, which may serve 
for detection of this receptor, rats were immunized with the 
GluR3B peptide, and the anti-GluR3B IgGs were purified from the 
serum on protein G columns. The binding specificity of the puri- 
fied anti-GluR3B IgG preparation was determined by ELISA, us- 
ing microtiter plates coated with either GluR3B or GluR3A pep- 
tide (aa 245 274, anothei i |iti . i 1 en ptidc of GluR3) or 
with a nonrelevant control peptide derived from herpes simplex 
DNA polymerase. The results showed strong and specific binding 
of the anti-GluR3B IgGs to the GluR3B peptide (Fig. 2A, black 
bar), but not to the GluR3A peptide or the control herpes simplex 
peptide (Fig. 2A). On the basis of this specific binding profile, the 
rat anti-GluR3B IgGs were used for future experiments. 

The GluR3 protein is expressed in T cells 
To study GluR3 at the protein level, human T cells were stained 
with two different anti-GluR3 Abs: the polyclonal rat anti-GluR3B 
IgG described above: and a commercial rabbit polyclonal Ab di- 
rected agu" 1 f ' ' 1 1 1 i 
identical in GluR3 and GluR2. Upon examination by fluorescence 
microscopy techniques, immiinoreacrivity toward both the extra- 
cellular and the intracellular peptides was observed (Fig. 2B). 
Whereas the rat anti-extracellular N-terminal GluR3B peptide Abs 
produced mainly a membranal staining pattern (Fig. 3B, g-h), the 
anti-intraccllular C-terminal GluR3/2 peptide Abs stained the T 
cell cytoplasm (Fig. ZBj). The GluR3 staining was specific, be- 
cause T cells exposed to control Abs purified from rats injected 
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GMt3 E3-E6 
516 bp 



3. tatt !,j a : * 1 _ i ■> i 'i J - • 

tacctctatqacacagaacgag) tgattttccstcctccs. 
atggaagcas- • j 1 i i * - ragtaacagcaac 
g-ggaaacataaaggacgtccaaga*ttcaggcgcateatt< 
tg ? ar.aflna«gKaagaaaao <i "cQ«tactta»ttaactoet 
aaaggattaacac.aattt.tgqaaeag] tgtrgtgatocta; 
actcaagagg-. tab u j , 'n> tq] taj"" 

ttccagattgtcaacaatgaaaaccctatgg 1 1 c a g ca g t ! 
gcactgggtgaggctggatgaaaoggaai 

ggtcatagcagaagc 



ttccgctacctgagq gg jcgagtag 's 
tyetggagactgcttagcaaatcct.getgtg 
;:r. i ;g<- jccaaggaattgatattgagaga - - > jmjj'j) t r<j 
'Caagtacaaogia - < , s 

^ 1 ^ ]"--> - 4 • 

ctcgaaaa] [gctggctactggaacgagtatgaaaggtttgtgcctt 
aceatagba "-"' 

FIGURE 1. Expression of GluR3 mRNA in different human T cell 
)N ron i iphciul I' eel human T cell leukemia line 

Jurkat, and a humai Ihcl i I ' II i nt itativc RT-PCR. 

Total human brain cDNA served as a positive control. RT-PCR was per- 
formed using the GluR3 E4-E9 (upper panel), and E3-E6 (middle panel) 
specific primer pairs (shown in H). The lower panel represents the RT-PCR 
product obtained using ribosomal S14 primers, which served for normal- 
ization. The results indicate that all three T cell types express GluR3 
mRNA. B, cDNA sequence of the GluR3 region amplified by RT-PCR in 
normal human peripheral 1 cells. The underlined nucleotides indicate the 
location of the PGR primers GluR3 E3, E4, H6. and K9 C'E" stands for the 
corresponding exons in the genomic DNA). The breakages (j[) represent 
t UNA I he amplified 

cDNA sequence of the T cell is identical with the known cDNA sequence 
of neuronal GluR3 mRNA (GenBank accession no. NM 007325). 



with PBS (Fig. 25/) or to normal rabbit serum (Fig. IB, i) did not 

Finally, the presence of the GluR.3 protein in normal human T 
cells was confirmed by Western blot, using the rat anti-GluR3B 
IgG. A major immunoreactive band of the expected — 108,000- 
kDa mass (28) was detected in the normal human T cells and in 
human cortical neuronal cells (HCN) (24) serving as positive con- 
trol (Fig. 2Q. 

Human peripheral T cells, T leukemia line and mouse 
Aii-sjjcci/ic T cell line express cell surface GluR3 
To demonstrate the cell surface expression of the GIuR3 protein on 
T cells, immunofluorescence staining and How cytometry analysis 
were performed. Staining T cell suspensions with either rat anti- 
GluR3B purified polyclonal IgG or isotype control rat IgG and 
then with FITC-conjugated goat anti-rat IgG Ab and PE-conju- 



gated anti-human TCRa/3 mAb (to confirm the T cell origin of the 
cells) showed that most of the purified normal peripheral human T 
cells express both GluR3 and TCR (framed windows of Fig. 3Ab, 
showing 74.3% specific double-positive staining, and Fig. Ma, 
showing 12.8% isotype control nonspecific staining). Histogram 
analysis further demonstrated the high expression of GluR3 on 
TCRa0~ cells (Tig. 3.T , Use solid bold line representing specific 
staining with rat anti-GluR3 Ab, compared with the broken line 
representing staining v. ill) the isotype control Ab). 

In freshly isolated T cells from different human donors, the 
amount of G!uR3 expression varied within a range of 30-85%. 
Variations are often observed in various T cell features and func- 
tions between T cell populations originating from different indi- 
viduals (8, 12). 

To further verify the cell surface expression of GluR3, we used 
a commercial polyclonal Ab raised against a GluR3 N-terminal 
peptide (thus far untested for its suitability for FACS). The results 
showed ~27% specific staining for GluR3 and CD3 double-pos- 
itive cells, compared with —9% of nonspecific staining with the 
isotype control Ab or with no first Ab (data not shown). 

To explore the possible relevance of glutamate receptor expres- 
sion to T cell cancers (i.e., T cell leukemia and T cell lymphoma), 
we tested wheth GliiR c s 1 on tl irface of human 
leukemic Jurkat T cells. We found 93.6% of the leukemic Jurkat T 
cells to be GluR3- and TCR-positive, compared with 17.6% of the 
cells stained nonspecifically with an isotype control IgG (Fig. 3 Bh 
and a, respectively). These results clearly indicate that Jurkat ma- 
lignant T leukemia cells express GluR3. High GluR3 staining on 
the TCRaj3 + Jurkat T cells is also evident from the histogram 
analysis (Fig. 35c). 

We further asked whether glutamate/AMPA receptors of the 
GluR3 subtype are expressed also on MS-associated autoimmune 
T cells. We postulated that during MS, direct stimulation of glu- 
tamate receptors on T ceils by glutamate released from neurons 
within the CNS could be of importance, because it may contribute 
to the constitutive or recurrent activation of autoaggressive T cells, 
which attack and destroy the nerve-enwrapping myelin sheath. In- 
terestingly, several studies reported recently that the treatment of 
mice (29) or rats (30) suffering from experimental autoimmune 
encephalomyelitis (EAE) (the animal model for MS), with NBQX, 
the specific AMPA/KA receptor antagonist, resulted in a substan- 
tial amelioration of disease. Because the presence on T cells of 
specific glutuniaic-'AVII'A receptors was not suspected, the bene- 
ficial effects of the AMPAR antagonists were attributed solely to 
the block of glutamate/AMPA receptors expressed, on neurons and 
glia cells. 

To test whether EAE-associated encephalitogenic T cells ex- 
press glutamate/AMPA receptors, we used a mouse T cell line (9) 
specifically dirt 1 I i mi i MB p ptide one of the key au- 
toantigens in MS. We found clear indication for the expression of 
GluR3 on a significant proportion of TCR + anti-MBP g7 _ 99 T cells 
(Fig. 3Cb and a framed windows, showing 41.5% specific staining 
compared with 9.4% of nonspecific staining with an isotype con- 
trol Ab). Interestingly, a proportion of the anti-MBP 87 ... 99 T cells 
was TCR + and GluR3~. 

To confirm the GluR3 expression on the anti-MBP S7 „ 99 T cells, 
we performed a Western blot analysis using both our purified rat 
anti-GluR3B IgG and a commercial affinity purified anti-GluR.3/2 
polyclonal \h eh ognizc nea • n i I ( terminal se- 
quence in GluR2 and GluR3. This polyclonal Ab produces in 
Western blots two poorly separated bands corresponding to GluR3 
and GluR2 (Gliii mi I I 3), without any 

cross-reacting with other GluR subtypes. The results show that the 
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produced rat dim ( K3 lg(i Rat Al 1 t 1 1 i in CiluR Sli-immu > 1 1 it d on protein G 

ii ted LISA t r bind > 01 tide (■), Gii tid I, or control peptide d p^ simplex DNA 

polymerase (C). Control lgG purified from sera of normal nonimmunized rats horn 1 1 ' i idiu nUhtee peptides. The results represent the 
mean ± SD of duplicate wells (1/1000 dilution) from one of two experiments performed. B, Fluorescence microscopy staining of GluR3 in human 
peripheral T cells. T cells were fixed on glass slides and stained with purified rat anti-GluR3B lgG, the GluR3B located at the N-terminal extracellular 
domain of the receptor {b and c, phase contrast; g and It, green filter) or normal rat lgG as control (a, phase contrast; / green filter), followed by 
FITC-conjugatcd anti-rat lgG Ab. A n mbranal in t r,ed I > ■■in and \ I DO in i lis were also stained with a commercial 

ii i ii 1 \ i i I i ' i i n i ,1 uiar peptide winch i i in GluK id GluK ph nlrast; j green filter) 

or with normal rabbit serum as control (J, phase contrast; /, green filter), followed by Fl 1'C conju ted ii ibbi lgG A cyloplasmie-like staining pattern 
is observed (X40 magnification). One representative experiment of three is shown. C, Immunoblotting of GluR3 in normal human T cells and in human 
cortical neuronal cells (24). using die rat anti-GluRJB IgG, yielded a band at the expected molecular mass of —108,000 kDa. Similar results were obtained 
using T cells from five different individuals. Control blot did not yield any band. 



two types of Abs detected a GluR3-specific immunoreactive band of 
the expected size on the mouse anti-MBP 87 _ 99 T cells (Fig. 3Cc). 

Taken together, the above results show a GluR3 expression on 
the surface of the vast majority ot normal human peripheral T 
cells, cancerous (leukemia)-related human T cells, and autoim- 
mune (MS)-related mouse T cells. 

(ilutamale and A MP A I i > ' e ' • 

prevent, T cells adhesion to laminin and FN 
Regulated adhesion to the ECM is a key immune function playing 
a critical role in numerous physiological and pathological settings. 
It is essential for the transmigration of leukocytes through the 



blood vessels and their subsequent migration into resting tissues in 
general and inflamed tissues in particular (31). Recent studies have 
shown that the integrin-mediated adhesion to laminin also plays a 
critical role during EAE, as the encephalitogenic T cells transitu 
grate across the blood-brain barrier into the CNS, via laminin- 
ronf mini! endothelial cell riembrn i ). Bin n 
components of the ECM such as laminin takes place via specific 
adhesion receptors, either members of the integrin family or non- 
integrin molecules (12). It is widely accepted that only when spe- 
cific imegrins are activated can such adhesion to ECM glycopro- 
teins take place, whereas resting leukocytes show very low basal 
adhesion. 
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B Human T-leiikcmia line 




C Mottse anti-MBP 87-99 T-cell line 



' I miia-. _ b MJHiHt -Wining fl^^iliblrt 
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MM lU 3 CrliiR <expn i on the surface of human peripheral T cells, a human I' leukemia cell line, and a mouse anti-MBP T cell line. A, Freshly 
isolated normal human 1 cells were subjected to double immunofluorescence staining using rat anti-UIuR3B IgG, FITC-conjugated anti-rat IgG (second 
Ab), and PH-conjugated anti-human TC'Ra/3 mAb (third Ab) (b and solid line in c), or using isotype control normal rat IgG and similar second and third 
Abs (o and broken line in c). A double si l ! 1 t i I I i framed i i i scence intensity 

histograms in c represent single staining for GluR3 (solid line) or isotype control (broken line), of the TCRaj8 + population. One representative experiment 
of eight is shown. B, Human T cell leuk n icl.lu ubjcvicd to diMibV-immunofltioi i i in usin her ill i ami GUil iR IgG (h and solid 
line in c) or rat isotype control (a and broken line in c.j. I'l U '-conjugated ant i rat, IgG and PE-conjugatod anti-human TCR<*/3 mAb. The fluorescence 
intensity histograms in c represent single staining for GluR3 (solid line) or isotype control (broken line), of the TCRa/3 ' population. C, Anti-MBP g7 _ 99 
I'll cell line was sub)ected to double-immunofluorescent staining using either the purified rat nmi-CiluR3B IgG Ui\ or Kotypc control Abs (b), F1TC- 

> 1 ' i lg( I ' ij i I'CK ( ) 'i i xperirr.ei n i. Irmrmnoblottirig > Mi 

anti-MBP 87 99 T cell line, using the rat anti-GluR3B IgG (left lane) and a rabbit anti-GluR3/2 C-lerminal polyclonal Ab (right lane) is also shown (c). 



To determine whether glutamate by itself can activate the T ceil 
integrins and endow the cells with an ability to adhere to laminin, 
we treated normal human peripheral T cells with 0.1 niM-0.01 pM 
glutamate (in tli i t i Idiiio mil nul ting molecule ) 
and assayed their adhesion to laminin-coated micmtiter plates. The 
results showed that glutamate, at the micromolar to picomolar 
range, can cause T cell adhesion to laminin (Fig. 4A). The effective 

ii t giutaiaai enii itions is in ime with our previous 

observations on the direct effects of other neurotransmitters on 
T cell function (8, 9, 11). 

To examine whether glutamate-induced T cell adhesion is me- 
diated by specific AMPA/glutamate receptors, we stimulated T 



cells with either glutamate or two of the AM PAR agonists AMPA 
and kainate (Table I, all in 10 nM) and assayed their adhesion to 
laminin- or FN-coated microtiter plates. Nonspecific T cell acti- 
vation with PMA served as a positive control. The results showed 
that both glutamate and the specific AMPA receptor agonists en- 
dowed T cells with the ability to adhere to laminin (Fig. 4B) and 
FN (Fig. AC). The extent of adhesion induced by glutamate and its 
receptor antagonists was comparable with that induced by the po- 
tent phorbol ester PMA. Wc further tested whether CNQX and 
NBQX (Table I), two highly selective AMPAR antagonists, block 
the effects of glutamate and AMPA. These antagonists were used 
in a concentration range reported to be effective for the inhibition 
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FIGURE 4. Glutamate (Glu) and AMPA receptor agonists induce ad- 
hesion of human T cells to laminin and FN via AMPARs. A. Glutamate 
causes the adhesion of T cells to laminin in a dose-dependent itiuunei 
Normal human T cells were treated with 10" 14 10 "* VI glutamate and 
tested for their adhesion i<> lamimn as described, i'hc results are presented 
as means of foiu ' i x-rinent rad expressed as fold in- 
crease ± SKM of the number of adhering cells (\ v < 0.05 vs untreated 
cells). B and C, Normal human T cells purified from blood samples of 
different human donors were pretreated (JO min, i i"C) with glutamate. 
AMPA, KA (10 nM), or PMA and tested for their adhesion to laminin (B) 
or FN (Q. The mean fold increase ± SEM of adhesion to laminin or FN 
from four independent experiments using T cells from four individuals is 
shown. (»,/> < 0.05 vs untreated). D, V cell adhesion to laminin caused by 
1.0 nM concentrations of either glutamate or AMPA is blocked by the 
specific AMPAR antagonists CNQX or NBQX (both at 0.1 uJVl) but not by 
the nonrclevant ion channel blockers TTX (1 /xM) and PicTX (10 <nM). 
The results are presented as mean fold increase _ S1:M of the number of 
1 ' I i i ' ig 1 cells iiom 

ditl'erent human donors, each blocker was examined at least twice for its 
blocking effect. *,p < 0.05 vs untreated; **, p < 0.05 vs glutamate alone; 
***,p < 0.05 vs AMPA alone. 
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of neuronal AMPA-evoked responses. Two nonrelevant blockers 
served for control: TTX, a Na. 4 channel blocker, and PicTX, a 
y-arninobulync , eee] i > i (Table ] I he results pre- 
sented in Fig. AD demonstrate that the activating effects of both 
glutamate and. AMPA are selectively blocked by CNQX and 
NBQX, but not by any of the control blockers. Taken together, 
these results show for the first time that glutamate can directly 
activate a T cell function and that it induces T cell adhesion to 
ECM components via the stimulation of specific AMPARs. 

"J he glulamale-inJuced T ceil adhesion to lamimn is mediated 
by the a 6 fij integrals 

To show that glutamate causes T cell adhesion to laminin by up- 
regulating the funetu i / minin binding inte- 

grals of the T cell, we used mAbs specific to these integrin moi- 
eties and control Abs directed against nonrclevant integrin 
moieties (Table I). The results presented in Fig. 5 show that the 
effect of glutamate was specifically blocked by anti-VLA-6 (anti- 
ov, integrin chain) _ and anti-CD29 (anti-^ chain) mAbs. In con- 
trast, no blocking effect was exerted by the nonrelevant anti- 
VLA-5 mAb (anti-a, integrin chain, which does not bind laminin) 
and by the anti -67-kDa nonintegrin LR mAb. These results dem- 
onstrate that glutamatc-induced T cell adhesion to laminin is me- 
diated by specific recognition and binding of a 6 ^, integrins to 
laminin. 

Glutamate increases the in vitro chemotactic migration of 
T cells 

Alike adhesion to lamimn and FN, the migration of T cells toward 
a chemokinc (chemotaxis) is a key immune event crucial in nu- 
merous physiological and pathological conditions. It enables T 
cells to migrate and extravasate in a directional and regulated man 
ner from the blood stream into chcmokinc-containing tissues. On 
these grounds wc investi itcd ictb eh i te can up-regulate 
the chemotaxis of human T cells toward the potent and vital che- 
[iiokine CXCL12/SDF-1. This chemokinc and its specific receptor, 
the CXC chemokine receptor 4 (CXCR4), arc crucial for chemo- 
taxis of leukocyte subsets and endothelial cells (33) and for he- 
mopoiesis, and are key players in a variety of additional immune 
functions. CXCL12/SDF-1 is constittitively expressed in bone 
marrow, heart, liver, kidney, and most importantly in the brain 
(34), where it is ibundantl pi L < i ifl 1 > uious neuronal 
and glial tunc tk inch 1 r oti an oi neuronal migra- 
tion, and plasticity. Accordingly, it was even suggested that 
CXCL12/SDF-1 is as essential to the nervous system as it is to the 
immune system (35). 
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FIGURE 5. Glulatnate-mduced adhesion of T cells to laminin takes 
p if i l* laminin bv I T in > d li iman 1 cells 

were pretreated with mAbs directed against different human integrin moi- 
r auai.ns Da nonimegii ii ptoi l i able 1 1 d 

to glutamate (10 nM, 30 rnin, 37°C) and then tested for their ability to 
i i 1 ) i the mean ibid 

increase ± SBM of the nurohci ol cells thai adhered to laminin. One ex- 
periment ot two p iii i l.Oi vs imln ncd / 
0.05 vs glutamate alone. 



To examine whether glutamate causes T cells to migrate toward 
CXCL12/SDF-1, we used the Boyden chemotaxis chamber 
method (36) and counted the fluorescence-labeled normal human T 
cells that migrated through a laminin-coated filter from an upper 
chamber containing medium to a lower chamber containing 
CXCL12/SDF-1. 

First, we confirmed that indeed the presence of the chemokine in 
the lower chamber was essential for the chemotactic migration of 
normal untreated resting human T cells (Fig. 6,4). We then ob- 
served that T cells treated with glutamate (10 nM) migrated to a 
mud! larger extent toward CX0.12/SDF-1, in comparison with 
untreated cells (Fig. 6B). Thus, glut tit i milv increased 

the chemotactic migration of normal human T cells toward 
CXCL12/SDF-1. The glutamate-specific receptor agonist AM PA 
also augmented the chemotactic migration of T cells toward 
CXCL12/SDF-1 (Fig. 65), suggesting that the prochemotactic 
effects of glutamate and AMPA were mediated specifically by 
AMPARs. Dose-response experiments showed that the extent of 
the ghdarnate-rnediated chemotactic migration depended on the 
concentration of the CXCL12/SDF-1 chemokine, with a threshold 
at a concentration >10 ng/ml (Fig. 6C). 

The glutamate- induced increase in the T cell chemotaxis toward 
CXCL12/SDF-1 was specifically mediated by CXCR4, the highly 
specific membranal receptor for this chemokine, given that anti- 
CXCR4 mAb fully blocked it (Fig. 6D). 

Finally, glutamate-induced augmented chemotaxis toward 
CXCL12/SDF-1 was not accompanied by an increased CXCR4 
expression, because immunofluorescence staining with anti- 
CXCR4 mAb showed a similarly high level of TCR + CXCR4 * 
expression in th i 1 and glutai i treated T cells (Fig. 6E, 

upper vs lower fluorescence profiles). Alternative mechanisms that 
may account for glutamate-induced effects are discussed below. 

Discussion 

The physiological factors able to directly activate T cell function in 
vivo in nonlymphoid tissues such as the brain, and allowing a 



direct communication between T cells and components of the CNS 
environment, are still unknown. Their discovery may have impor- 
tant scientific and clinical implications. 

In recent years, we found that se\ erai neurotransmitters and neu- 
ropeptides, among them dopamine, somatostatin, substance P, cal- 
citonin-gcnc-rclated peptide, neuropeptide Y, and GnRH 1 and II 
are able on their own and at physiological concentrations to stim- 
ulate their receptors expressed on the T cell surface and trigger 
various T cell functions (8, 9, 11, 37). Among these functions are 
de novo gene expta sion I okinc secret ioi 9), integrin-me- 
diated adhesion (8), in vitro chemotactic migration, and in vivo 
homing to specific organs (12). On this basis, we asked here 
whether glutamate, the major CNS excitatory neurotransmitter, 
could also by itself trigger T cell function. 

The present study provides for the first time the evidence, based 
on the combination of specific GluR3 RT-PCR, sequencing, im- 
munohistofluorcsccncc staining, Western blot, and flow cytometry, 
that normal peripheral human T cells, cloned alloprimed human T 
cells, cultured human T leukemia cells, and mouse autoimmune- 
associated anti-MBP R7 _ 99 T cells express high levels of ionotropic 
glutamate receptors of the AMPA subtype 3. Our sequencing data 
further show an identity between the T cell-expressed GluR3 and 
the brain GluR3. We have not conducted yet the electrophysiolog- 
ical recordings needed to determine whether the T cell GluR3 re- 
ceptor channel has properties similar to those of the neuronal 
GluR3. We also do not know yet whether the GluR3 channels in 
T cells are coupled to the same signaling pathways as in neurons 
and glia cells and whether their opening causes a Ca + influx (im- 
portant, c g for th euro 1 death induced excess g] camaie) 
These future in t tiot mas provide an explanation for our 
interesting observation (data not shown; that, in contrast to neu- 
rons (13), exposure of T cells to excess glutamate (0.1 10 tnM) did 
not cause excitotoxic T cell death (as assessed by cell viability 
measurements of various T cell types based on trypan blue exclu- 
sion). Whatever is the explanation or mechanism, we speculate 
that such property may enable T cells to survive and function in the 
CNS in the pathological conditions associated with excess gluta- 
mate, known to massively kill neurons and glia cells. Although we 
focused on GluR3, further studies are required to investigate 
whether T cells express additional members of the ionotropic glu- 
tamate receptor tin ' i t i t human T cells 
express mctabotropic (G-coupled) glutamate receptors, because 
such receptors ha ! n dentift ■ mou th nocytes and thy- 
mic stromal cell lines (38). T cells are not the first example of 
peripheral cells expressing glutamate receptors, because several 
types of glutamate receptors have been reported on a variety of 
other peripheral cells and tissues (15). 

Glutamate itself, in the absence of any additional molecules, is 
found here for the first time to directly cause the adhesion of T 
cells to two principal ECM glycoproteins, laminin and FN, and to 
trigger thereby the activation of a key T cell function which takes 
place only when the respective integrin moieties are activated. The 
glutamate-induced T cell adhesion is mediated via specific gluta- 
mate receptors of the AMPA subtype expressed on T cells, given 
that it is mimicked by two highly specific AMPAR agonists and 
cl iii utagonists 

Interestingly, the glutamate dose response shows that T cells 
cannot be prompted to integrin-mediated adhesion at very high 
glutamate concentrations (>1 X 10'" 5 M). Because the concen- 
tration of glutamate in the plasma is -30-80 /xmol (3-10 X 10 -5 
M) (e.g., 79.4 ± 41.8 /xmol/L according to Ref. 39 and 32 ± 4 
/umol/L according to Ref. 40), our observation suggests that fre- 
quent glutamate-T cell interactions in blood do not necessarily lead 
to constitutive (and perhaps undesired) integrin activation and to 
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I'K.UKL 6. fjlutainal ilu) it i i him I cells low 1 inc CXCI.I2 SDF-1. A, Human T cells 

i ii i - i 1 i from bl I i i i I ill it dye 2',7'-bis(2- 

li 'it ! ril'MCi VM) and tested for Ihcir migralion across laminin-coated filters toward either the 

chemokine CXCL 1 2/SDF-l (250 ag/ml) or control PBS. The results are expressed as the mean fold increase ± SEM in the number of T cells that migrated 
toward CXCL 1 2/SDF-l, as compared with the number off cells that migrated toward chemokine-free medium, in six independent experiments using f 
cells from six indh i vMJ ill i i I 1 j 1 1 ion. Human f t i I i 1 I | 

were prctroated (1 Si h, 37°C) with 10 nM glutamate or AMPA, labeled with the fluorescent dye BCECF-AM, and tested for their migration toward 
C\C1 12 SDt I I l i < l I > I 1 i 

containing lower chamber was evaluated by (low cytometry (*,/>< 0.05 vs untreated). One experiment of four, using T cells from four different individuals, 
is shown. C, Dose response for glutamate-indueed T cell chemotaetic migration. Human T cells pretreated ( 1 8 h, 37°C) with 10 nM glutamate, and loaded 
with BCECF-AM were toted for their roigratoiy capacity toward 0, 1, 10, 100, and 250 ng/ml CXCL 1 2/SDF-l (in the lower chamber). One experiment 
of two is presented. *, p < 0.05 vs no chemokine. D, The chemotaxis of glutamate-treated normal human T cells was mediated by CXCR4, because 
anti-CXCR4 mAb fully blocked the glutamate-indueed augmented chemotaxis toward CXCL12/SDF-1. One experiment of three performed is presented. 
*,/>< 0.05 vs untreated; •**. p < 0.05 vs giutamatc. H, 'I he augmented chemotaetic migration induced by glutamate was not due to an increased expression 
of CXCR4, the membranal receptor for CXCI.lZ'SOF-l. as i mm unofluorescence staining with ami CXCIM mAb showed a similarly high level of 
expression of TCR + CXCR4 + in untreated (upper) and glutamate-treated (lower) cells. One representative experiment of three is shown. 



the subsequent T cell adhesion to laminin and FN. However, be- 
cause glutamate concentration in the CSF is lower than in the 

plasma, the estit mted >m itrati i being 14 pM (0.3 04 X 

1 0 -5 M) (41), we speculate that T cell encounters with glutamate 
in the brain are more likely to result in the activation of the T cell 
integrins and a subsequent cellular adhesion and migration. 

In this study * fun it bsei 1 1 t e increases the 
migration of normal human I cells toward the potent chemokine 
CXCL1 2/SDF-l , which is constitutive!)' expressed in the periph- 
ery and in the nervous system (34). Interestingly, a recent study 
reveals the existence of a physical association between CXCR4 
and the AMPAR subtype 1 (GluRI) in cerebellar granule neurons 
(42). If CXCR4 is also physically associated with AMPAs in T 



cells (an issue currently under investigation), this could perhaps 
account for the observed glutamate-indueed chemotaxis of T cells 
to CXCL 1 2/SDF-l. Because the glutamate-indueed augmented 
chemotaxis was not accompanied by an increased CXCR4 expres- 
sion, further studies are required to unveil the mechanism respon- 
sible for this effect Indeed, several studies have suggested that 
ithet It toi b i i jranal cxprcs ion level reg- 

ulate its function: Baribaud et al. (43) found that CXCR4 exists in 
r tells m mi 1 ri j ! i i i i posed that these 

have functional consequences on chemokine receptor function; 

icre Nguyen ct al. f44) rai>e« i '1 afts may pla> 

a regulatory role tn CXCL1 2/SDF-l signaling and that membranal 
cholesterol may modulate receptor conformation and subsequent 
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binding of CXCL12/SDF-1. Moreover, sialyluted O-glycans and 
sulfated tyrosines may contribute to the high alimity binding of 
CXCR4 to CXCL12/SDF-1, as recently shown for the CCR5 che- 
mokine receptor which also plays an important, role in leukocyte 
chemotaxis and activation (45). Regardless of the explanation or 
mechanism, out observation: ,uggest that in certain contexts 
CXCL12/SDF-1 and glutamatc may act in concert for a common 
cause, the recruitment of T cells to specific sites, in the nervous 
and immune systems. 

As to further indications that glutamate can modulate immune 
functions, Lombardi et al. (46) found recently that glutamatc can 
significantly potentiate the in vitro activating effects of anti-CD3 
mAb or PHA, suggesting that it is capable of modulating the pro- 
liferation and Ca 2 + influxes triggered by certain other molecules. 
However, glutamate by itself, in a concentration range of 10 nM-1 
mM, could not trigger either Ca 2+ influxes or the proliferation of 
i i i i h human PliM >n sting of B and T 

lymphocytes, monocytes, and polymorphonuclear leukocytes) (46). 

We speculate i duiamat iced 11a ivation revealed 
herein may be either beneficial or detrimental depending on 
whether T cell reactivity is required (e.g., T cell-mediated clear- 
ance of encephalomyelitis-inducing virus from the brain, and T 
cell-mediated protective autoimmunity) (4-6). We further specu- 
late that the specific expression of GluR3 on T cells and the ability 
of glutamate to trigger T cell function may be highly relevant to 
various physiological and pathological conditions, including the 
following exemplary instances. 

Functional interactions between T cells and glutamate in the 
context of MS 

MS and its animal model EAE are demyelinating diseases caused 
by autoreactive T cells, which attack the nerve-enwrapping myelin 
sheath (1, 2, 29, 30). It was recently found that during the course 
of EAE, adhesion to laminin in the CNS plays a crucial role in the 
recruitment, transmigration, and penetration of autoaggressive T 
cells: the parenchymal basement membranes containing certain 
laminin isoforms were permissive for enccphalitogenic T cell 
transmigration; whereas those containing others were restrictive 
(32). On the basis of our findings reported herein, we suggest that 
encounter of T cells with glutamate could cause their adhesion to 
laminin-containing brain parenchyma and could further promote 
their directional migration toward chemokines secreted in specific 
sites within the CNS. 

Our findings of the ability of glutamate by itself to activate T 
cells may be highly relevant to MS, also due to an additional set of 

poi t ol rval tieatn trt of mice (29 1 or rats (30) sensi- 
tized for EAE with NBQX, the AMPA/kainate antagonist, resulted 
in substantial amelioration of disease, increased oligodendrocyte 
survival, and reduced dephosphorylation of neurofilament H, an 
indicator of axon I dam ' " 1 is then con tided that NBQX 
was beneficial for EAE because it blocked glutamate/AMPA re- 
ceptors expressed on neuronal or glia cells. Our present findings 
call for a reinterpretation of these results and suggest that in vivo 
NBQX suppressed EAE because on top of inhibiting glutamate 
receptors on neurons and glia, it also blocked the AMP A receptors 
expressed on the autoaggressb e enccphalitogenic T cells. We thus 
suggest that by blocking T cell expressed AMP A receptors, NBQX 
prevented the in vivo activation of the autoaggressive T cells by 
glutamate released from nerve endings at the sites of mllamma- 
tion/damage in the CNS, thereby reducing their pathogenic poten- 
tial and conferring EAE suppression. 



Source of the GluR3-derived autoantigen GluR3B and relevance 
to epilepsy 

Specific Abs to GluR3 have been suggested to contribute to the 
etiology and pathology of several forms of human epilepsies (16, 
22). The primary autoantigen of the potentially pathogenic anti- 
GluR3 Abs ider tit i i li < ptide. can b icra H 
the specific cleavage of the parent GluR3 by granzyme B, a serine 
protease released by activated immune cells (but only if an internal 
A'-linked glycosylation sequon within the GluR3-granzyme B rec- 
ognition sequence (ISND*S) is not glycosylated (27)). Until now, 
because GluR3 was known to be expressed only on neurons and 
glia cells, it was assumed that the anti-GluR3 Abs are raised only 
against the CNS GluR3. However, the finding in this study of 
GluR3 expression on T cells reveals a novel source of the GluR3 
autoantigen uid iggcst th I ant Gl C \bs n , be also raised 
against a peripheral GluR3. We speculate that if so, the anti- 
peripheral GluR b n| > i! in cess to the CNS, may en- 
counter the brain GluR3 and interfere with neuronal and glial sig- 
naling and survival, thereby promoting neuropathology and 
epilepsy. 

All the above i i mg qui g furl r \m ti 

tions and validation, are illustrations of how the expression of 
GluR3 on T cells and the direct activation of T cell functions by 
glutamate could have profound scientific and clinical implications. 
Probably, onh th tip if the ict i t an >vc In fa 
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